Metal-organic frameworks (MOFs) or porous coordination polymers (PCPs) continue to attract much attention in new emerging areas, particularly those related to energy use and environmental conservation[@b1][@b2][@b3][@b4][@b5][@b6]. With large internal surface areas and uniform pore and cavity sizes, MOFs share a number of structural and catalytical properties of inorganic zeolites[@b7][@b8][@b9]. Typical zeolite-like MOF examples are zeolitic imidazolate frameworks (ZIFs) and boron imidazolate frameworks (BIFs)[@b10][@b11][@b12][@b13][@b14][@b15][@b16][@b17]. Both ZIFs an BIFs adopt tunable zeolite-type topologies (e.g., SOD, RHO, LTA etc) and have promising applications for gas storage and separation[@b11][@b16]. Among these, the ZIF-8 framework (Zn(mim)~2~, mim = 2-methylimidazole) has become popular for use as support of select metal nanoparticles (M-NPs) for heterogeneous catalysis. However, loading of M-NPs into these zeotype MOF materials is typically achieved by the impregnation of a metal precursor via grinding or diffusion, followed by reduction of the metal precursor to metal(0) atoms via external reducing agents such as NaBH~4~ or H~2~ gas[@b18][@b19][@b20]. Such multi-step procedure is also commonly used to incorporate metal or metal oxide NPs into other MOFs[@b21][@b22][@b23][@b24]. This method has an intrinsic limitation for preparing M-NP\@MOF with uniformly distributed M-NPs throughout the pore space, because the diffusion of external reducing agents through internal pore space of MOFs is complicated and sometimes impeded by many factors such as pore size and geometry and even the particle size and morphology of the host materials. External reducing agents can also enable the possible reduction of noble metal precursors on external surfaces of MOF particles, thus diminishing the important role of pore confinement effects and size selectivity of resulting catalysts.

Zeolitic BIFs are the most recent addition to the family of zeolite-like inorganic-organic hybrid materials. They contain tetrahedral cations (e.g., Li^+^ Cu^+^ or Zn^2+^) linked by various pre-synthesized boron imidazolate complexes[@b12][@b13][@b14][@b15]. One distinct advantage of the BIFs system is that, both four-substituted B(mim)~4~^−^ ligand and three-substituted BH(mim)~3~^−^ ligand can be readily synthesized prior to solvothermal assembly. Of particular interest to the goal of this work is the unique BH(mim)~3~^−^ ligand that has been integrated into two BIFs (BIF-20 and BIF-21) with interrupted zeolite LTA and ATN topologies, respectively[@b15]. For these BH(mim)~3~^−^-based BIFs, there exists a high density of B--H bonds on the framework BH(mim)~3~^−^ ligands. These B--H groups decorate the internal pore surface and their chemical functionality including the reducing property could clearly introduce novel functionality to these BIFs. Yet, prior to this work, such framework B-H functionality, with its potential for pore confinement effects and size control, has never been explored.

In this work, we report that BIF-20 crystal can directly produce small noble-metal nanoparticles (Ag or Au) in its pores without the need for any external reducing agent or photochemical reactions that are often employed for reduction of noble metal ions, and the resulting Ag\@BIF-20 (or Au\@BIF-20) samples exhibit high catalytic activities for the reduction of 4-nitrophenol (4-NP).

Results
=======

BIF-20 (Zn~2~(BH(mim)~3~)~2~(obb); obb = 4,4′-oxybis(benzoate)) possesses a neutral interrupted zeolite LTA structure with large cavities and permanent porosity[@b15]. Rich naked B--H bonds are present on the surface of porous space ([Figure 1a--b](#f1){ref-type="fig"}). The as-synthesized BIF-20 crystals were used directly to produce Ag\@BIF-20 and Au\@BIF-20 materials ([Figure 1c--d](#f1){ref-type="fig"}).

Ag\@BIF-20 can be quickly prepared by immersing fresh BIF-20 crystals in a methanol or water solution of AgNO~3~ at room temperature ([Figure 2a--b](#f2){ref-type="fig"}). The amount of deposited Ag NPs and the rate of deposition increase with increasing AgNO~3~ concentration, as shown by the color change of the BIF-20 crystals ([Figure 2c](#f2){ref-type="fig"}).The color change of BIF-20 crystals from colorless to brown can be attributed to the surface plasmons of spherical silver nanoparticles. After the loading, inductively coupled plasma atomic emission spectroscopy (ICP-AES) demonstrated that the weight percentage of Ag NPs in BIF-20 is 3.01%. The field-emission (FE) TEM image of the resulting dark-brown Ag\@BIF-20 crystals prepared from methanol and water solutions, respectively, indicated the formation of ca. 3.0 nm Ag-NPs in the crystals ([Figure 3a--b](#f3){ref-type="fig"} and [S2](#s1){ref-type="supplementary-material"}). Moreover, the sizes of these particles are independent on the preparation conditions (e.g., concentration, solvent or time) ([Figure S1](#s1){ref-type="supplementary-material"}), which suggests that the porous surface structure of BIF-20 may provide steric restriction to confine and limit the growth of Ag NPs although the particles are larger than the pore size of BIF-20, which is accordance with the reported metal NPs/MOF[@b21][@b22][@b23][@b24][@b25][@b26][@b27][@b28][@b29].

The electron paramagnetic resonance (EPR) spectrum of the resulting solid shows a peak at *g* = 2.046 for metallic silver ([Figure 3c](#f3){ref-type="fig"}). The X-ray photoelectron spectra (XPS) as well as the energy-dispersive X-ray spectroscopy (EDS) data indicate that Ag(0) and Zn(II) coexist in the solid ([Figure S3](#s1){ref-type="supplementary-material"}). In the XPS, the 3d~5/2~ and 3d~3/2~ peaks for Ag(0) appear at 368.6 and 374.6 eV, respectively ([Figure 3d](#f3){ref-type="fig"})[@b26][@b30]. The 2p~3/2~ and 2p~1/2~ peaks for Zn(II) appear at 1022.0 and 1045.0 eV, respectively ([Figure S4](#s1){ref-type="supplementary-material"}). The powder X-ray diffraction (PXRD) patterns further reveal that the host framework of BIF-20 is retained after the loading of Ag NPs ([Figure S5](#s1){ref-type="supplementary-material"}). The silver peaks are hardly seen in the PXRD pattern because the particle size is too small and the amount of silver is too little.

Similar procedure was employed to load Au NPs into BIF-20 crystals. However, the process is more complicated and slower compared to the loading of Ag NPs. As shown in [Figure 4a](#f4){ref-type="fig"}, when BIF-20 crystals were immersed in the methanol solution of NaAuCl~4~ at room temperature for 50 minutes, the color of BIF-20 crystals changed from colorless to yellow. The (FE)TEM image of the yellow solid indicated the formation of \<2 nm Au NPs ([Figure 4d](#f4){ref-type="fig"}). Once the soaking time increased to 6 hours and the resulting yellow crystals were further exposed in air for more than 24 hours, Au\@BIF-20 crystal containing obvious pink Au-NP "core" was formed ([Figure 4b](#f4){ref-type="fig"}). That means that the Au NPs are growing in BIF-20, which is also demonstrated by the (FE)TEM image of this pink solid. About 4.0 nm Au NPs were found in pink Au\@BIF-20 ([Figure 4e](#f4){ref-type="fig"}). If the concentration of Au(III) solution and soaking time further increased, the final red Au\@BIF-20 crystals were obtained ([Figure 4c](#f4){ref-type="fig"}) and the size of the Au NPs increased to ca. 6.60 nm ([Figure 4f](#f4){ref-type="fig"}). ICP-AES measurement indicated that the weight content of Au NPs in BIF-20 is 1.63%.

The EPR spectrum of the yellow solid shows a peak at *g* = 2.052 for Au(0) and a peak at *g* = 2.376 for Au(III), respectively ([Figure S7a](#s1){ref-type="supplementary-material"}). These values are consistent with the results of the XPS and EDS data of pink Au\@BIF-20 solids ([Figures S3--4 and S7](#s1){ref-type="supplementary-material"}), which indicate that Au(0), Au(III) and Zn(II) coexist in the solid. In the XPS traces, the 4f~7/2~ and 4f~5/2~ peaks of Au(0) appear at 84.35 and 88.00 eV and those of Au(III) appear at 87.05 and 90.65 eV ([Figure S7](#s1){ref-type="supplementary-material"})[@b31][@b32]. The existence of Au(III) may be attributed to the unreacted AuCl~4~^−^ that is mixed with the Au(0) nanocomposite. The PXRD patterns of the pink and red Au\@BIF-20 solids show that the host framework are still retained and the gold peaks are also hardly seen in the PXRD patterns ([Figure S6](#s1){ref-type="supplementary-material"}).

Discussion
==========

Based on above (FE)TEM, EPR and XPS data, the color change of the crystals from colorless to yellow may be attributed to the migration of AuCl~4~^−^ ions into the pores of BIF-20. At this first stage, the special color of Au NPs is hardly seen because the amount of Au NPs is too little. As for the pink Au\@BIF-20 crystals, the NPs are found predominantly in the core of the crystal surrounded by a clear, NP-free shell ([Figure 4b](#f4){ref-type="fig"}). This result illustrated that the redox reaction to produce Au NPs might slowly progress from the core towards the outside. Finally, the deposition of Au NPs became uniform throughout the BIF-20 crystal ([Figure 4c](#f4){ref-type="fig"}). Since the reduction of Au(III) needs multiple electrons, this Au\@BIF-20 formation process is thus slow, but its formation mechanism becomes easy to understand.

Considering the structural feature of BIF-20, the presence of potentially active B--H bonds from the coordinated BH(mim)~3~^−^ ligands may act as the reducing agent and contribute to the direct formation of M-NPs in BIF-20 crystals. To demonstrate the vital role of these B--H bonds, further experiments have been performed. Another BIF-25 (Co~2~\[B(im)~4~\]~4~, im = imidazolate) without any B--H bond was employed to run the similar NPs-loading experiments as BIF-20. However, no M-NPs can be formed in the BIF-25 samples ([Figure S9](#s1){ref-type="supplementary-material"}). It is notable that the BH(mim)~3~^−^ ligand itself can reduce Ag(I) or Au(III) to metal(0). When the KBH(mim)~3~ salt was dissolved in the methanol solution of NaAuCl~4~ or the water solution of AgNO~3~, respectively, Au or Ag particles were produced. Specifically, two oxidation products in the mother liquid, B(mim)~3~(OCH~3~)^−^ (*Mw* = 285.14) and B(mim)~3~(OH)^−^ (*Mw* = 271.11) were also identified by the mass spectrum, respectively ([Figure S13](#s1){ref-type="supplementary-material"}). These results reveal that the B--H bonds in BIF-20 do play a dominant role on producing M-NPs. It is also widely recognized that the B--H bonds are traditional reducing groups. However, as part of a porous framework structure, such a reducing function of the B--H bond, to the best of our knowledge, is first realized in BIF-20 material.

The reduction of 4-nitrophenol (4-NP) by KBH~4~ was chosen as a model reaction for studying the catalytic performance of Ag\@BIF-20 and Au\@BIF-20, respectively. The reduction kinetics was monitored by UV-vis absorption spectroscopy of the reaction mixture after the addition of the catalyst. Only tiny change (from 1.901 to 1.490 at 400 nm) in the absorption was determined even after standing for 24 h with BIF-20, indicating that BIF-20 has no catalytic activity for the reduction. After addition of a small amount (5.0 mg) of Ag\@BIF-20 or Au\@BIF-20, the absorption of 4-NP at 400 nm significantly decreases along with a concomitant increase of the \~300 nm peak of 4-aminophenol (4-AP) ([Figure 5a](#f5){ref-type="fig"} and [S10](#s1){ref-type="supplementary-material"}). The UV-vis spectra show an isosbestic point (around 318 nm), suggesting that the catalytic reduction of 4-nitrophenol gives 4-aminophenol only without byproduct[@b33][@b34]. Considering the concentration of BH~4~^−^ is much higher than that of 4-NP (C~KBH4~/C~4-NP~ = 1000), the reaction should be of pseudo-first-order with regard to the reactant. As expected, linear relationships between ln(C~t~/C~0~) and reaction time are obtained in the reduction catalyzed by Ag\@BIF-20 or Au\@BIF-20 ([Figure 5b](#f5){ref-type="fig"}). The rate constant k was calculated to be 0.37 and 0.22 for the reactions using catalysts Ag\@BIF-20 and Au\@BIF-20, respectively. Ag\@BIF-20 has much higher activity than Au\@BIF-20, which is also superior to that of most Au- and Ag-based catalysts under ambient conditions[@b33][@b34].

To investigate the reusability, four recycles of the activity were examined for Ag\@BIF-20 and Au\@BIF-20, respectively. The catalyst exhibits similar catalytic performance without significant reduction in the conversion for the same reaction time (8 min for Ag\@BIF-20, and 14 min for Au\@BIF-20) ([Table S1](#s1){ref-type="supplementary-material"}), revealing the stability of the catalysts. (FE)TEM measurements of the catalysts indicate the size of the Ag and Au NPs almost remained the same after reaction, further suggesting an excellent stability and long life ([Figure 5c--d](#f5){ref-type="fig"}).

In summary, the zeolitic BIF-20 crystal with rich naked B--H bonds in its porous structure successfully used the reducing function of these B--H bonds to produce small noble-metal (Ag or Au) NPs directly, leading to the formation of NPs-embedding crystalline materials, Ag\@BIF-20 and Au\@BIF-20. Both resulting materials have high catalytic activities for the reduction of 4-nitrophenol. The results not only demonstrated the potential activity of the B--H bonds in a BIF structure for post-synthetic chemical modification, but also opened a new approach toward the fabrication of NPs in zeolitic MOF crystals.

Methods
=======

Materials and instrumentation
-----------------------------

All reagents were purchased commercially and used without further purification. All Powder X-ray diffraction (PXRD) analyses were recorded on a Rigaku Dmax2500 diffractometer with Cu Kα radiation (λ = 1.54056 Å) with a step size of 0.05°. TEM measurements were performed by using a JEOL-2010 TEM equipped with the energy dispersive X-ray spectrum operated at 200 kV. ICP analysis was conducted by using Inductively Coupled Plasma OES spectrometer (Ultima2, JobinYvon). X-ray photoelectron spectra (XPS) were acquired with a PHI Quantum 2000 XPS system with a monochromatic Al Kαsource and a charge neutralizer. The binding energies (BE) were referred to the C1s peak at 284.6 eV. The electron paramagnetic resonance (EPR) spectra were recorded on a Bruker E 500. The UV-VIS absorption spectra were measured at room temperature with a Perkin-Elmer Lambda 950 UV/vis spectrophotometer.
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![(a) The coordination mode of BH(mim)~3~^−^ ligand. (b) the rich B-H bonds (H atoms bonded to B centers are highlighted as purple balls.) in the SOD cage of BIF-20. (c) the interrupted LTA-type framework of BIF-20, showing large cavities represented by the yellow and sky-blue balls. (d) a schematic representation of the loading of NPs into the cavities of BIF-20.](srep03923-f1){#f1}

![(a) Optical image of BIF-20. (b) optical image of Ag\@BIF-20. (c) optical images for BIF-20 crystals immersed in the methanol solution of AgNO~3~ with different concentrations for 50 min.](srep03923-f2){#f2}

![(FE)TEM images for the solid BIF-20 was immersed in (a) methanol solution of AgNO~3~ (80 mmol/L) and (b) H~2~O solution of AgNO~3~ (2.5 mmol/L) at room temperature.(c) EPR spectrum of Ag\@BIF-20. (d) XPS spectrum of Ag\@BIF-20.](srep03923-f3){#f3}

![Optical images (top) for Au\@BIF-20 crystals prepared under different conditions and their related (FE)TEM images (bottom).\
(a, d) yellow crystals prepared from BIF-20 in CH~3~OH solution of NaAuCl~4~ (5 mmol/L) for 50 min; (b, e) pink crystals obtained after BIF-20 immersed in CH~3~OH solution of NaAuCl~4~ (5 mmol/L) for 6 h, and the resulting solid exposed in air for more than 24 h; (c, f) red crystals after BIF-20 immersed in CH~3~OH solution of NaAuCl~4~ (10 mmol/L) for 9 h, and the resulting solid exposed in air for more than 24 h.](srep03923-f4){#f4}

![(a) UV-vis spectra showing gradual reduction of 4-NP over Ag\@BIF-20; (b) the relationship between ln(*C~t~/C~0~*) and reaction time (t); (c) (FE)TEM image of Ag\@BIF-20 after catalytic reaction; (d) (FE)TEM image of Au\@BIF-20 after catalytic reaction.](srep03923-f5){#f5}
